In recent years, increasing numbers of studies demonstrated that high-dose ascorbate, which can be achieved by intravenous infusion, has cytotoxic effects on cancer cells in vitro and in vivo. There are many hypotheses of anti-cancer mechanisms of high dose ascorbate including a pro-oxidative mechanism, inhibition of angiogenesis and inflammation, enhancement of the anticancer effect of chemotherapy and reduction of chemotherapy-induced side effects. In addition, in recent years there were studies showing that ascorbic acid has effect on gene expression and epigenetic phenomena. In our study we analyzed, by using animal model, the effect of pharmacological concentrations of ascorbic acid on several gene expressions involved in tumorigenesis. To test the effects of ascorbic acid on gene expression, we treated mice with two different concentrations of ascorbic acid after intraperitoneal administration with sarcoma S-180 cells. The injected doses of ascorbic acid were equivalent to 15 g per 70 kg human and 50 g per 70 kg human. Tissue from tumors, liver and kidney was obtained from mice at the end of three weeks of treatment. The gene expression analysis was computed by real time PCR. The results showed significant difference in expression of gene p53 (p<0.02) in tumor tissue between treated and non-treated groups, and reduction of p53 gene expression by size and spreading of tumors. Ascorbate therapy significantly increased expression of NRF2. The experimental data showed that the maximum ascorbate dosage reduced expression of the tumor promoting gene HIF. The dependence of gene expression on the size of tumors was found for P53, HIF and NF-kB. In summary, the results of our study demonstrated that ascorbate therapy had a significant effect on the expression of several genes relevant to the development or inhibition of cancer. Reduced expression of tumor promoting genes as HIF and increased expression of tumor suppression genes such as p53 support the hypothesis that ascorbic acid can act as a potential agent for the suppression of tumor development.
Background
Ascorbic acid (AA, ascorbate, vitamin C) is an essential water soluble antioxidant that has been studied for decades for its potential role in preventing chronic diseases [1] . Ascorbate plays a role in limiting inflammation, regulating cytokine production, and boosting the immune system [2] [3] [4] [5] [6] [7] [8] . It has a variety of properties that have generated interest in using it against cancer [9] [10] [11] [12] [13] : it enhances natural killer cell activity [14, 15] , increases collagen synthesis [16] , inhibits capillary tubule formation (angiogenesis) [17, 18] , reduces inflammation in cancer patients [3] , at millimolar concentrations, shows cytotoxicity against cancer cells [19] [20] [21] [22] [23] [24] and the ability to reduce tumor growth in vivo [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Clinical trials to date [35] [36] [37] [38] [39] [40] indicate that high dose (on the order of ten to 100 grams) intravenous ascorbate therapy can enhance anti-cancer effects of chemotherapy and improve quality of life in cancer patients. reverse transcriptase (TERT), which regulates telomere length, can promote tumor development, increases the anti-apoptotic capacity of cells, enhances DNA repair [77] and nuclear factor erythroid derived 2 (Nrf2), which has anti-apoptotic effects and may therefore protect cancer cells [78] [79] . Ascorbate has been shown to target the expression of these genes (promoting p53 while inhibition expression of the others) in tumor cells [57] [58] [59] 80] , which in turn shifts cells toward the sub-G1 fraction.
In addition, gene expression studies in vivo and in vitro have suggested that the carcinostatic effect induced by high dose concentration ascorbic acid occurred through inhibition of angiogenesis. In the study [25] the expression of three angiogenesisrelated genes were inhibited by 0.3 times in Fibroblast Growth Factor (FGF2), 7 times in VEGF and 4 times in Matrix Metallopeptidase 2 (MMP2) of the groups with higher survival rates.
The purpose of the present study is to examine how high dose AA therapy affects the expression of the several genes in vivo, using the murine S-180 tumor model, in order to gain more insight into ascorbates potential mechanisms of action against tumors.
Methods

S180 Cell line
The S180 mouse sarcoma cell line was obtained from ATCC (Manassas, VA) and cultured in 75 cm 2 flasks with 20 mL of RPMI-1640 media supplemented with 10% fetal bovine serum (ATCC) and 100 U/ml Penicillin-Streptomycin (Sigma Aldrich, St Louis MO) at 37°C in a 5% CO 2 atmosphere.
CD-1 Mice
CD-1 female mice from Charles River were kept under standard conditions of temperature (22°C) and light (12L/12D) and had access to water and food (Laboratory Rodent Diet 5001, LabDiet St. Louis MO). Principles of laboratory animal care following IACUC procedures were applied, and all experimental protocols were approved by the Ethics Committee of WSU (Wichita, KS). Mice were given seven days to acclimate upon arrival, and were weighted and identified on the eight day. Weight was tracked weekly thereafter and general condition was recorded three times a week.
Tumor Inoculation and ascorbate therapy
For tumor growth and gene expression experiments, mice were injected IP with S180 cells. S180 cells were collected by Trypsin detachment and washed two times by PBS. After detachment 1.5×10 6 cells diluted in 100 µl PBS were implanted subcutaneously into the right flank of mice using 25 G needles. One week after tumor inoculation, ascorbate therapy was commenced via injection. Two AA doses were tested: "Low AA" was 0.214 mg AA per gram mouse mass (equivalent to a 15 g dose in a 70 kg human, a typical starting dose in intravenous ascorbate therapy), and "High AA" 0.714 mg AA per gram mouse mass (equivalent to a 50 gram dose in a 70 mg human, a maximum dose typically used in intravenous ascorbate therapy). Ascorbate injections were administered three times per week. Animals were divided in five groups of eight mice each:
Group A) Tumor-free mice given the Low AA dose as described above.
Group B) Tumor-free mice that did not receive ascorbate therapy (Negative Control) Group C) S180 inoculated mice given the Low AA dose as described above.
Group D) S180 inoculated mice given the High AA dose as described above.
Group E) S180 inoculated mice that did not receive ascorbate therapy (Positive Control) Tumor bearing mice were euthanized after three weeks of ascorbate therapy.
Necropsy and gene expression analysis
Organs (tumors, livers and kidneys) were resected immediately post-euthanasia. Tumors were measured and weighted at euthanasia. Samples of kidney, liver and tumor were collected and kept at -80ºC for RNA extraction. RNA extraction and qRT-PCR analysis were carried out as follows. Tissues were minced and then passed through 26 gauge needles to disaggregate. RNA was extracted using TriReagent (Sigma-Aldrich, Hercules CA) according to manufacturer's instructions. Total RNA quality and quantity were evaluated using Nanodrop ND-2000 (Thermo Scientific, Pittsburg PA), and 0.5 µg total RNA were converted to cDNA using iScript RT super-mix in the CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). PCR reaction conditions consisted of an initial 30 seconds denaturing at 98°C, followed by forty cycles of denaturing at 95°C for 10 seconds, annealing at 56°C for 15 seconds and extension at 60°C for 15 seconds, followed by melt-curve analysis. cDNA was quantified using the Nanodrop ND-2000.
A total of 250 ng cDNA was used to analyze gene-specific oligonucleotide primers (Table 1) with the SsoAdv Universal SYBR GREEN Kit. A dissociation curve was run at the end of the reaction to ensure that only one amplicon was formed and that the amplicons denatured consistently in the same temperature range for every sample. cDNA levels were normalized against the reference housekeeping genes RPS13 and TBP (Table 1) using the genNorm method. The relative expression of a target gene was computed, based on its real-time PCR efficiencies (E=2) and the cycle threshold (Ct) difference (Δ) of mean control versus each sample (ΔCt control−treatment) using RPS13 and TBP as the reference housekeeping genes.
Statistical analysis
The comparisons of gene expression between different experimental groups of mice and size of tumor were carried out using the statistic software Kaleidagraph and Systat software (Inc. Chicago, USA). Data are presented as medians with IQR and mean ± SE. Differences in mean values were considered significant at the level of 95% (p<0.05) (Mann-Whitney U test). The 2 −ΔΔCt method was used to calculate the differences of the expression level of genes [81] .
Results and discussion
Tumor growth and necropsy findings S180 inoculated animals formed abdominal tumors in all cases except for four mice in Group C (Low AA dose). These four animals were excluded from subsequent analysis. In all other cases, S180 inoculations lead to rapid tumor development and noticeable decrease in animal well-being. One of the mice in Group D (High AA) developed an encapsulated tumor on the left kidney, coinciding with an enlargement of the right kidney. Two mice in Group C and two in Group D developed metastasis in thorax. We did not find any other significant pathological change in liver or kidney of tumor-bearing mice.
The weight of mice during the experiment was measured each week. Tumor-free mice (Group B, "Negative control") grew at a relatively steady rate of roughly 0.2 grams/day. In the tumor-bearing animals (Groups C, D, and E), mouse weight dipped noticeably (14%-20%) during the first week of therapy, and then rose rapidly to roughly match that of the tumor-free mice. Intraperitoneal cancer progression in each group was measured 21 days after tumor cells injections. The graphical presentation of the weight of the tumors for the each group and representative images of the tumors are presented in Figures 1a and 1b. Only animals that developed tumor are included in Figure 1a .
For untreated mice, the mean tumor volume was 530 ± 162 (SE) mm 3 while the mean volumes for treated mice were 396 ± 105 (SE) mm 3 for the Low AA dose and 502 ± 138 (SE) mm 3 for the High AA dose. There was no statistically significant difference between these averages, suggesting that the ascorbate treatments did not affect tumor size in this model. The reason for this may be that the injected number of S180 cells was high that resulted in fast progression of disease, growth of tumor and deterioration of animals' conditions. Due to animals' conditions experiment was stopped 3 weeks after tumor cell injections.
Gene expression on tumor tissue
RNA was isolated from tumors, livers and kidneys of each mouse and analyzed as described above. Gene expressions in tumors normalized on the housekeeping genes are presented in Figure 2 and Table 2 and, while a box plot of gene expression levels for these genes for two groups of mice (all treated and positive control-non treated) is shown in Figure 3 .
The HIF gene is important in expressing proteins necessary for tumor angiogenesis, was down-regulated in tumors of mice given the High AA dose of ascorbate therapy compared to positive control ( Figure 2 ). This was not statistically significant (p=0.28) but suggests that further study is warranted. Measured levels of the VEGF gene, the gene for a key angiogenesis promoter, were too low to draw any conclusions from. This was also true for the NF-kB gene, where low levels were obtained and no significant difference between groups was observed.
Expression of the p53 gene, a key regulator of apoptosis that is mutated in many tumor cell types, was enhanced roughly two-fold in ascorbate treated tumor cells compared to untreated controls. In each case (Low AA and High AA), the difference in the mean values compared to positive controls were statistically significant (p=0.03 and p=0.04, respectively).
There was also a roughly two-fold increase in NRF2 gene levels in treated tumor, and this was also statistically significant: comparison between positive control and Low AA means yielded a p=0.07, while comparison between control and High AA yielded a p=0.03. When the treated values were pooled and compared to controls, the mean was 2.5 times higher with a p-value of 0.02. NRF2 up-regulates apoptosis, so this result, taken with the results for p53, suggests that ascorbate therapy might increase the likelihood of programed cell death in tumor cells.
TERT, which affects telomerase, was also elevated in ascorbate treated tumors (p<0.03 between High AA and control) while DNMT1, We examined a possible correlation between gene expression and tumor size. Results for HIF, NF-κB, and p53, are shown in Figure 4 .
Clearly larger tumors showed elevated levels of HIF and NF-κB and lower levels of p53 compared to smaller tumors. Using a cut-off of 600 mm 3 , we measured the fractional change in expression (from small to large) for six genes (VEGF was under-expressed in all analyzed samples and was not included). This is shown in Table 3 . For untreated mice, increases in tumor size increased HIF and NF-κB expression by roughly 200%, while ascorbate treatments eliminated this effect.
Gene expression in kidney and liver
To investigate the potential effect of tumor development on kidney and liver gene expression, we analyzed liver and kidney tissue from tumor bearing and tumor-free mice for gene expression levels. In particular, the ratio of gene expression in tumor bearing mice to that in tumor-free mice (Group B-Negative control, as described in Methods) is shown for kidney in Figure 5 .
In liver, gene expression was generally similar to that in tumor-free mice (data are not shown) and was largely unaffected by treatment. The exception to this was TERT, which was elevated nearly four-fold (above tumor-free controls) in untreated mice, but was only mildly elevated in ascorbate treated mice.
NRF2 and p53 genes measured in kidney tissue were also above normal in tumor bearing mice, while no noticeable difference was observed in HIF and NF-kB and a moderate decrease was observed in DNMT genes. Table 2 . Average (Mean ± SE) normalized gene expression levels in tumors from S180inoculated CD-1 mice. Positive control (S180, no AA) mice compared with those given Low AA treatment (0.214 mg/g) and High AA treatment (0.714 mg/g) 3×weekly.
For untreated tumors, we also examined the effect of tumor size on kidney gene expression (not shown). For NRF2 and p53 genes, the relative expression (compared to tumor-free controls) was roughly 3.0 for mice with 200 mm 3 tumors, but reduced to roughly 0.9 for mice with tumors above 600 mm 3 . For HIF, relative gene expression increased with increasing tumor size, rising from roughly 0.5 for mice with 200 mm 3 tumors to values of roughly 1.2 for tumors above mice with 600 mm 3 .
Finally, we examined the effect of metastasis on gene expression. Several mice developed metastases during this study; for example, three mice in a group of eight given High AA doses developed metastases, as did two of twelve mice given Low AA treatments. For mice given the high AA dose, ratios of gene expression (mean) in mice with metastases to gene expression (mean) for mice without metastases are given in Table 4 . According to these data, in tumor samples of animals that developed metastasis the HIF, DNMT1, and NF-κB were roughly four times higher, while p53 and NRF2 genes were 0.3-0.4 times lower than in animals with primary tumors only. The same tendency was found in liver and kidney samples.
Conclusions
We examined the effects of ascorbate therapy in CD1 mice with aggressive S180 tumors. Our data did not demonstrate a significant effect of ascorbate on tumor size, but did indicate some effects on gene expression. Average size of tumors for animals that developed tumor was 396 ± 300 for group C (low ascorbate), 502 ± 390 for group D (high ascorbate) and 530 ± 450 for group E (non-treated positive control). The group treated by high-doses of AA did not show statistical significant reduction of tumors in comparison with non-treated group and the average volumes of tumors were similar. Ascorbate therapy significantly increased expression of tumor suppressor genes p53.
In group of mice treated by AA the expression of p53 was increased 2.7 fold for low AA treatment and 1.8 fold for group treated by high dose AA in comparison with non-treated positive control group. The results of the study have demonstrated that treatment by ascorbic acid causes to expand p53 tumor suppressive functions.
As ascorbic acid is anti-oxidant and has ability to suppress DNA damage and genomic instability mediated by reactive oxygen species (ROS) [91] , we expected that HIF gene expression would be affected by ascorbic acid treatment. The above data show potential effects of ascorbate on HIF expression. The experimental data showed, that the maximum ascorbate dose tested (0.714 mg/g) reduced expression of the tumor promoting gene HIF. The level of mRNA expression in tumor samples in group treated by this dose of AA was 0.6 fold lower in comparison with non-treated positive control. There was no suppression of HIF-1 in group treated by low dose of AA.
We observed that HIF expression is highly dependent upon tumor size, being over twice as high in mice with large tumors than with mice bearing smaller tumors. This result correlates with the fact that HIF-1 expression is induced by hypoxia and is typically overexpressed in tumors [82] [83] [84] . Expression of HIF was 200% higher in larger tumors (>600 mm 3 ) in comparison with smaller tumors (<600 mm 3 ) for nontreated animals, and the level of mRNA of HIF-1 was decreased for larger tumors in ascorbic acid treated animals on 60%-80%. As the result, in mice treated with ascorbate, the increase in HIF expression with tumor size was suppressed ( Table 4 ).
We also founded that HIF mRNA detected in the liver was reduced in groups of mice treated with ascorbate, relative to untreated controls (0.7-0.8 fold).
Our previous research suggests that ascorbate therapy, at the high doses associated with intravenous infusions clinically, can inhibit angiogenesis and reduce tumor inflammation [3, 4, 17, 18] . In study [92] , lung blood vessel proliferation and the incidence of pulmonary malignant tumors were reduced in the offspring of mice expose to cigarette smoke and a preventive treatment with ascorbic acid in drinking water throughout the pregnancy. We expected therefore, to see the effects on HIF genes involved in angiogenesis promotion, and the gene for NF-κB, a critical factor in inflammation. We did not observe systematic effect of ascorbate therapy on NF-κB. One possible explanation is that our tumor model, with over 10 6 S180 cells injected into the mice, was too fast acting and too aggressive for ascorbate therapy to slow down or significantly alter. The other possibility was that ascorbic acid levels in tumors did not reach pharmacological concentrations capable to produce the expected results in such a short time acting only as an antioxidant ROS scavenger as reported in study [93] . Tumors varied substantially in size, but grew so quickly and had such a deleterious effect on animal health that our animals needed to be euthanized after only a few weeks. Our hope for future experiment would be to use a slower growing tumor model, in which ascorbate therapy can be tested over a longer period of time. Another approximation would be to analyze the combination of ascorbic acid with a synergistic compound as in study [94] to evaluate the effect on tumor development and gene expression.
However, the dependence of gene expression on the size of tumors and the effect of ascorbic acid treatment on gene expression were found for NK-κB (Table 3) . NF-κB expression was increased for larger tumors in positive control group on 200% and decreased in ascorbic acid treated animals on average 25%.
In tumor bearing mice, p53 gene expression was elevated in kidneys, but normal in liver. Compared to untreated tumor-bearing mice, we found a statistically significant increase in expression of gene p53 (p<0.02) in tumor-bearing mice treated with ascorbate. This is consistent with reports in the literature of ascorbate's effect on the p53 gene [30, 64, 80] . Our data showed that p53 gene expression was elevated in ascorbate treated groups of mice with tumors, tended to decrease as tumors became larger and was reduced in animals with metastatic tumors. Taken together, the data suggest that p53 gene expression decreases in large and metastatic tumors, but can be upregulated by ascorbate therapy.
The role of p53 as a tumor suppressor has been extensively studied [66] [67] [68] [69] [70] . It is estimated that roughly half of all tumor cell types harbor mutations in the p53 gene, and in most of the remaining cancers the gene is inactivated by a variety of mechanisms. Reactivation of p53 is an important strategy for inhibiting tumor growth and proliferation. It is typically activated in response to stress signals and transcriptionally induces a lot of target genes relevant to cell cycle progression, DNA repair, apoptosis, and tumor cell metabolism. The evidence presented above, that ascorbate may activate p53 expression in tumor cells, is encouraging and warrants further study.
Ascorbic acid treatment increased expression of NRF2 in both groups of treated animals in comparison with non-treated group. The role of NRF2 in carcinogenesis and cancer is still actively disputed and remains unresolved. There is abundant evidence that activation of NRF2 can suppress carcinogenesis, especially in its earliest stages. The current thinking is that NRF2 activity may be desirable in early stages of tumorigenesis, when the host is seeking to control premalignant carcinogenesis, but may be undesirable in later stages, when it could make fully malignant cancer cells become resistant to treatment [85, 86] . In our model, with treatments beginning one week after tumor inoculation, the tumors may be already established, so that the analysis of the changes in NRF2 expression accompanying ascorbate therapy might have been more beneficial if the treatments were started earlier.
Comparison of the expression of DNMT1 in treated by AA and non-treated groups showed that high dose AA downregulated DNMT1 in tumor tissue 0.5 folds and there was no suppression by low dose AA. The same result was found for kidney tissues.
Expression of DNMTs in cancer and DNA methylation patterns in tumor cells in comparison to those of normal cells were analyzed in numerous studies and it was postulated that in most of the carcinogenesis DNMTs are over expressed [87] [88] [89] [90] . Excessive amounts of DNMT1 may participate in the de novo methylation of CpG islands that are not methylated in normal cells and contribute to tumor development through CpG island methylation-mediated gene inactivation. Interestingly, two converse trends of DNA methylation changes were observed in many tumors. On the one hand, promoters of tumor suppressor genes are often hypermethylated leading to the silencing of the genes. On the other hand, the activity of DNMT1 is increased leading to DNA hypermethylation. Inactivation of tumor suppressor genes is central to the development of all common forms of human cancer.
TERT is involved in telomerase, which is thought to aid tumor cell growth and allow tumor cells to become immortal, so that TERT expression is considered a potential target for anticancer therapy.
In our study, expression of TERT was increased in tumor tissue for treated groups in comparison with non-treated group (2.0 folds for low dose AA and 3.3 for high dose AA). In kidney tissue overexpression of TERT was not found and there was suppression of TERT in liver tissue for groups treated by AA (0.5 folds for low dose and 0.45 fold for high dose).
Comparison of the gene expression in mice that developed metastasis with mice having localized tumors, showed that in animals that developed metastasis the HIF and NF-κB were 3.6-4 times higher, p53 and NRF2 were 0.4 and 0.3 times lower and DNMT1 was 3.8 times higher. The same tendency was found in liver and kidney samples of these two groups of mice.
In summary, the results of our study demonstrated that ascorbate therapy had effect on the expression of several genes relevant to the development or inhibition of cancer. Reduced expression of such tumor promoting genes as HIF and increased expression of tumor suppression genes such as p53 support the hypothesis that AA can act as potential agents for the suppression of tumor development. To obtain a better knowledge of the AA effect in gene expression and tumor development and metastasis, further studies should be done with less aggressive course of tumor development and a larger number of cancer related genes. 
